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Summary
Chloroplasts evolved from a cyanobacterial endosymbiont
[1, 2], and chloroplast division requires the formation of an
FtsZ division ring, which is descended from the cytokinetic
machinery of cyanobacteria [3–5]. As in bacteria, the posi-
tioning of the chloroplast FtsZ ring is regulated by the
proteins MinD andMinE [3–5]. However, chloroplast division
also involves mechanisms invented by the eukaryotic host
cell [6–9]. Here we show that a plant-specific protein
MULTIPLE CHLOROPLAST DIVISION SITE 1 (MCD1) regu-
lates FtsZ ring positioning in Arabidopsis thaliana chloro-
plasts. Our analyses show that both MCD1 and MinD are
required for chloroplast division, localizing at the division
sites and punctate structures dispersed on the inner enve-
lope. MinD overexpression inhibited FtsZ ring formation
whereas MCD1 overexpression did not. Localization studies
suggest that MCD1 is required for MinD localization to
regulate FtsZ ring formation. Furthermore, the interaction
between MCD1 and MinD in yeast two-hybrid assays
suggests that MCD1 recruits MinD by direct interaction.
These results point out differences in the MinD localization
mechanism between chloroplasts and bacterial model
systems and suggest that the plant cell evolved a component
to modulate the cyanobacteria-derived Min system so as to
regulate chloroplast FtsZ ring positioning.
Results and Discussion
Identification of the MCD1 Gene Required for Positioning
of the Chloroplast Division Site
In order to find new components of the chloroplast division
machinery, we identified a new recessive mutant of chloro-
plast division of A. thaliana (see the Supplemental Experi-
mental Procedures available online). The chloroplasts in the
mutant were fewer in number and more heterogeneous in
size than those in the wild-type and had multiple division sites
(Figures 1A–1D). We named this mutantmcd1-1 (multiple chlo-
roplast division site 1). A T-DNA insertion was found in the
At1g20830 gene (Figure S1E), which had not been previously
characterized. Another T-DNA insertion mutant of At1g20830
(mcd1-2; SALK_015389) (Figure S1E) displayed a chloro-
plast-division defect similar to mcd1-1 (Figure S1C). Further-
more, expression of the MCD1-GFP fusion protein driven by
the MCD1 promoter complemented the chloroplast-division
defect of mcd1-1 (Figure S1D). The above results indicate
*Correspondence: h_nakanishi@riken.jp (H.N.), smiyagi@riken.jp (S.-y.M.)that MCD1 is identical to At1g20830 and is required for normal
chloroplast division.
Next, we examined how mcd1 mutations affect the chloro-
plast division machinery by observation of the FtsZ and
DRP5B (ARC5) localization inmcd1-1. FtsZ is a homolog of the
bacterial cell division GTPase, and plant FtsZ has descended
from a cyanobacterial endosymbiont (ancestor of the chloro-
plasts) [10]. Like bacterial FtsZ, plant FtsZ assembles into
a ring structure on the stromal side of the chloroplast division
site [11–13]. By contrast, DRP5B is a plant-specific member of
the eukaryotic dynamin GTPase family and assembles into
a ring structure on the cytosolic side of the division site after
the FtsZ ring formation [6–8]. As shown previously, FtsZ2-
GFP and GFP-DRP5B expressed by their respective
promoters localize at the chloroplast division site in the wild-
type [7, 9, 12, 13] (Figures 1E and 1G). However, in mcd1-1,
both FtsZ2-GFP and GFP-DRP5B were observed as multiple
rings at certain intervals in the enlarged chloroplast (Figures
1F and 1H), suggesting that placement of the division appa-
ratus is impaired in mcd1.
A phenotype similar tomcd1 has been shown by inactivation
of MinD or ARC3, or overexpression of MinE [3, 14–18]. These
three proteins function inside the chloroplast (i.e., the stromal
side of the inner envelope) to regulate the positioning of FtsZ
ring formation. Plant MinD and MinE are of cyanobacterial
origin, like FtsZ [3–5, 8]. ARC3 contains an amino-terminal
domain with similarities to FtsZ proteins and a carboxy-
terminal domain containing MORN (membrane occupation
and recognition) motifs [19, 20]. In bacteria, MinD and MinE
mediate the correct positioning of the FtsZ ring at the mid-
cell position [21, 22], suggesting that chloroplasts still use
the cyanobacteria-derived mechanism to position the FtsZ
ring [16–19, 23, 24]. BLAST and PSI-BLAST searches [25]
showed that MCD1 is specific to land plants (Figure S2) unlike
MinD, MinE, and ARC3 (partially similar to FtsZ), and we could
not find homologs in any organisms other than land plants
(bacteria, archaea, and eukaryotes, including algae and
cyanobacteria).
MCD1 Protein Is a Plant-Specific Membrane Protein
Spanning the Chloroplast Inner Envelope
Next we examined whether the plant-specific protein MCD1
functions inside the chloroplast as do MinD, MinE, and ARC3
[3–5]. MCD1 was predicted to have a chloroplast transit
peptide, a coiled-coil motif, and one membrane-spanning
region (Figure 2A). As predicted, immunoblot analyses via
MCD1 antibodies (the specificity is shown in Figure S3A) re-
vealed the MCD1 protein to be enriched in the isolated chloro-
plast fraction compared to the total cell lysate (Figure S3A).
When the whole-plant lysate was fractionated by sequential
centrifugations, MCD1 was detected primarily in the low-
speed pellet containing the chloroplasts (Figure 2B). The
protein in the pellet was not solubilized by alkaline treatment
with sodium carbonate, but was solubilized by the detergent
Nonidet P-40 (Figure 2C), suggesting that MCD1 is integrated
into the chloroplast membrane. Fractionation of the thylakoid
and envelope membranes showed that MCD1 is enriched in
the envelope fraction, as was the outer envelope protein,
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spans the inner or the outer envelope, the isolated chloro-
plasts were treated with thermolysin, which can not penetrate
the outer envelope [27], and trypsin, which can penetrate the
outer but not the inner envelope [26]. MCD1 was protected
both from thermolysin and trypsin, as was the inner envelope
protein TIC40 (Figure 2E) [28], whereas the outer envelope
protein TOC34 was digested by both of the enzymes [26],
and a larger portion of the intermembrane space protein
TIC22 was digested by trypsin [29]. These results indicate
that MCD1 spans the inner envelope membrane of chloro-
plasts. Furthermore, the complete protection of MCD1 from
trypsin suggests that the major part of MCD1 containing the
coiled-coil domain after the transmembrane domain (Fig-
ure 2A) is exposed to the stromal side.
MCD1 Localizes at the Chloroplast Division Site and on the
Punctate Structures of the Envelope Membrane
To further examine the topological relationship between MCD1
and the division site, localization of MCD1 was examined by
immunofluorescence microscopy with MCD1 antibodies
(Figure S3). Consistent with the results of the immunoblot anal-
yses, the fluorescence signal was predominantly detected at
the chloroplast envelope (Figures 3A and 3B; Figure S3B).
Figure 1. Multiple Chloroplast Division in mcd1 Mutants
(A–D) Chloroplasts were observed by Nomarski optics in leaf mesophyll
cells (A, B) and in petiole cells (C, D). Wild-type (A, C) and mcd1-1 mutant
(B, D) are shown. Arrows indicate the constriction sites of dividing chloro-
plasts.
(E–H) Localization of FtsZ2-GFP (E, F) and GFP-DRP5B (G, H) in wild-type
(E, G) and mcd1-1 mutant (F, H). The fluorescence of GFP is green and
the autofluorescence of chlorophyll is red.
Each set of images (A and B, C and D, and E–H) are shown at the same
magnification. Scale bars represent 5 mm.On the envelope membrane, MCD1 localization was detected
both at the chloroplast division site and on the punctate struc-
tures dispersed throughout the envelope (Figures 3B–3D).
However, the fluorescence signals were weak, and it was
difficult to distinguish possible but weak MCD1 localization
signals from the high background fluorescence. In order to
obtain a strong signal, we expressed MCD1 by the 35S
promoter in the wild-type. The increased MCD1 expression
did not impair chloroplast size or FtsZ localization (Figure S4).
In the 35S-MCD1 transformants, we could observe MCD1
Figure 2. MCD1 Is an Integral Membrane Protein of the Chloroplast Inner
Envelope
(A) Predicted primary structure of the MCD1 protein. The putative transit
peptide, transmembrane domain, and coiled-coil domain are indicated
with black boxes, and their positions within the amino acid sequences are
indicated. aa indicates amino acids.
(B) Homogenate of the wild-type plants (Total) was centrifuged at 20,0003 g
to sediment the low-speed pellet fraction (LSP). The supernatant fraction
was centrifuged at 100,000 3 g to separate the high-speed pellet (HSP)
and supernatant fractions (S). 10 mg of protein were loaded in each lane.
(C) The low-speed pellet fraction was treated with 0.1 M sodium carbonate
(Na2CO3) or 1% Nonidet P-40 (NP-40), and then separated at 100,000 3 g
into the pellet (P) and supernatant (S) fractions. 10 mg of protein were loaded
in each lane.
(D) Isolated chloroplasts were lysed osmotically and separated into thyla-
koid and envelope fractions. The envelope membrane protein, TOC34,
and thylakoid membrane protein, Lhcb1, were also detected as experi-
mental controls. Isolated chloroplasts (2.5 mg proteins), the thylakoid frac-
tion (0.5 mg proteins), and the envelope fraction (0.5 mg proteins) were
loaded.
(E) Isolated chloroplasts were incubated in the absence or presence of
thermolysin, trypsin, and 1% Triton X-100 (TX100). After quenching the reac-
tions, the protein composition of the chloroplasts (containing 1 mg of chlo-
rophyll) was analyzed by immunoblotting. The inner envelope protein,
TIC40, the intermembrane space protein, TIC22, and the outer envelope
protein, TOC34, were also examined as experimental controls.
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type. The results clearly showed MCD1 localization both at
the chloroplast division site and on the punctate structures
(Figures 3E and 3F).
The localization of MCD1 at the division site was detected in
both unconstricted (Figures 3C and 3E) and constricted
(Figures 3D and 3F) chloroplasts. In addition, serial optical
section images of single chloroplasts showed that MCD1
localizes at the division site in the form of a continuous ring
(Figure S5). These results indicate that MCD1 localizes at the
chloroplast division site throughout the division.
MCD1-Dependent Localization of MinD at the
Chloroplast Division Site and on the Punctate
Structures of the Envelope
The above results show that overexpression of MCD1 does not
impair FtsZ ring formation, unlike MinD, the overexpression of
which inhibits formation of the FtsZ ring in both bacteria and
chloroplasts [21–23, 30]. In order to address the possible func-
tional relationship between MCD1 and MinD suggested by the
similarity of the mutant phenotypes, we examined the effect of
MCD1 mutation on the function of MinD. To evaluate the func-
tion of MinD, we overexpressed MinD in the wild-type and the
mcd1-1 mutant, and then examined FtsZ2 localization by
immunofluorescence microscopy (Figure S6). Overexpression
of MinD in the wild-type inhibited FtsZ ring formation, and in
the chloroplast many short filaments of FtsZ were observed,
Figure 3. Localization of MCD1 at the Chloroplast Division Sites and in
Punctate Structures on the Envelope Membrane
(A and B) Nomarski (A) and immunofluorescent (B) images of a section of
a single wild-type leaf cell. The strong fluorescence signal indicates the
localization of MCD1 detected by MCD1 antibodies.
(C–F) Localization of MCD1 in unconstricted (just before division; [C] and [E])
and constricted (during division; [D] and [F]) chloroplasts. Images were
obtained by 1/2 s exposure ([C, D]; wild-type) or 1/10 of a second exposure
([E, F]; 35S-MCD1 transformant).
Images in (A) and (B) and in (C)–(F) are each shown at the same
magnification. Scale bars represent 5 mm.as previously reported [23, 30] (Figures S6C and S6G). In
contrast, in mcd1-1, rings and long filaments of FtsZ were
observed, in addition to short filaments (Figures S6D and
S6H). Moreover, overexpression of MinD on the wild-type
background reduced the number of chloroplasts per cell to
1.41 6 0.65, whereas on the mcd1-1 background the number
of chloroplasts per cell was 3.936 1.90. These results suggest
that MCD1 enhances the capacity of MinD to inhibit FtsZ ring
formation and chloroplast division.
To address whether the MCD1-dependent enhancement of
MinD function is based on MCD1-dependent MinD localiza-
tion, we examined the effects of mcd1 mutation and MCD1
overexpression on MinD localization. It was previously shown
that a C-terminal GFP-fusion of MinD localizes to one or two
discrete spots in close proximity toward one end of chloro-
plasts in A. thaliana [15, 17]. However, it was still not known
whether the MinD-GFP is functional and behaves similarly to
authentic MinD. In addition, it was reported that GFP-MinD
complements minD mutation but MinD-GFP is not functional
in Bacillus subtilis [31]. Therefore, first we examined the local-
ization of MinD in wild-type by immunofluorescence micros-
copy with MinD antibodies (Figure S7). The fluorescence
signal was detected at the division site and punctate struc-
tures of chloroplasts (Figure 4A; Figure S7B), similar to
MCD1 localization. The localizations of MinD at the division
site were detected in both unconstricted (Figure 4B) and con-
stricted (Figure 4C) chloroplasts, as was the case with MCD1
localization.
In contrast to the wild-type, no specific MinD localization
was observed in mcd1-1 even by longer exposure time
(Figure 4D). Oppositely, in the 35S-MCD1 transformant,
signals stronger than those in wild-type were observed at
the division site and the punctate structures (Figure 4E). RT-
PCR and immunoblot analyses showed that the MinD mRNA
and MinD protein level was not changed by the mutation or
overexpression of MCD1 (Figures 4F and 4G). When lysates
of wild-type and mcd1-1 mutant were fractionated, about
a half population of MinD protein was detected in the
membrane fraction in both wild-type and mcd1-1 (Figure S8).
Taken together, these results suggest that association of
MinD on the membrane is independent of MCD1 but subse-
quent localization of MinD at the division site and the punctate
structures is dependent on MCD1.
Interaction between MCD1 and MinD
In order to test whether MCD1 localizes at the division site and
the punctate structures independently of MinD, MCD1 locali-
zation was examined inminDmutant andMinD overexpresser.
minD (arc11) has a point mutation that results in expression
of MinD (A296G), and the mutation impairs self-assembly of
MinD [15]. Immunoblotting showed that the MinD protein
level is largely reduced in the minD mutant (Figure 5A), and
immunofluorescence microscopy showed that MinD (A296G)
does not localize at the division site or the punctate structures
(Figure 5B). In contrast, multiple MCD1 rings, like the case
of the multiple FtsZ rings previously observed in the mutant
[3, 18], and MCD1 punctate structures were observed in the
enlarged chloroplast of minD (Figure 5C). These results
indicate that MCD1 localization does not require proper
MinD localization although placement of the division site is
altered in minD. In the MinD overexpresser, MCD1 localization
was observed as abnormal short filaments (Figure 5D), as
had been previously observed for FtsZ localization [30]
(Figure S6G).
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the MCD1 fluorescence signal in minD was weaker than that
in the wild-type (Figure 5C). In contrast, MCD1 fluorescence
in the MinD overexpresser was stronger than that in the wild-
type (Figure 5D). Moreover, immunoblot analyses showed
that the MCD1 protein level is lower in minD but higher in the
MinD overexpresser than that in the wild-type (Figure 5E). In
contrast to the change in the protein level, RT-PCR analyses
showed that the MinD level does not affect the MCD1 mRNA
level. These results suggest that the MCD1 level is positively
regulated by the MinD level, probably because of stabilization
by the MinD protein in the chloroplast. Because the MinD level
is not affected by MCD1 level (Figure 4G), it is suggested that
MinD is stable even without MCD1 but stabilization of MCD1
requires MinD.
The results obtained indicate that the MinD localization is
dependent of MCD1 and that the MinD level affects the
MCD1 level. This bidirectional relationship raised the
Figure 4. MCD1-Dependent Localization of MinD
(A–E) Localization of MinD in wild-type, mcd1-1 mutant, and 35S-MCD1
transformant. The strong fluorescence signal indicates the localization of
the MinD detected by MinD antibodies. A section of a single wild-type leaf
cell was observed by immunofluorescence microscopy (A). Localization of
MinD in unconstricted (just before division; [B]) and constricted (during
division; [C]) chloroplasts of the wild-type. Localization of MinD in single
chloroplasts of mcd1-1 (D) and of the 35S-MCD1 transformant (35S-
MCD1; [E]). Images were obtained by 1/2 s exposure ([A–D]; wild-type and
mcd1-1) or 1/10 of a second exposure ([E]; 35S-MCD1). Arrows indicate
the localization of MinD at the division site. Images in (A) and (D) and in
(B)–(C) and (E) are shown at the same magnification. Scale bar represents
5 mm.
(F) MinD transcript levels were examined by RT-PCR. ACTIN2 was used as
the quantitative control.
(G) Levels of MinD were compared by immunoblotting. 50 mg of total protein
extracted from young leaves of the wild-type, mcd1-1, and 35S-MCD1
transformant were analyzed with MinD antibodies.possibility that MCD1 and MinD function in the same complex.
In order to test this possibility, we performed yeast two-hybrid
assays by using MinD (without the predicted transit peptide;
MinD63-326) and the C-terminal portion of MCD1, which is sug-
gested to be exposed to the stromal side (MCD1141-349,
Figures 2A and 2E). Expression of the Gal4 activation domain,
(AD)-MinD63-326 fusion, and Gal4 DNA-binding domain
(BD)-MCD1141-349 fusion restored growth of the yeast strain
in the absence of histidine (Figure 5G). Expression of AD-
MCD1141-349 and BD-MinD63-326 gave the same result
(Figure 5G). These results suggest that MinD binds to the
C-terminal portion of MCD1 at the stromal side of the inner
envelope membrane.
Figure 5. Effect of minD (arc11) Mutation and Overexpression on the Local-
ization and Level of MCD1
(A) Proteins extracted from whole plants of the wild-type andminD, and then
MinD level was analyzed by immunoblotting with MinD antibodies. 50 mg of
protein were loaded in each lane.
(B) Localization of MinD in a single chloroplast of minD detected by MinD
antibodies. Image was obtained by 1/2 s exposure. Scale bar represents
5 mm.
(C and D) Localization of MCD1 in a single chloroplast of minD (C) and in the
MinD overexpresser (35S-MinD; [D]) was observed by immunofluorescence
microscopy with MCD1 antibodies. Arrows indicate the ring structures.
Sclae bar represents 5 mm. Image was obtained by 1/2 s exposure ([C];
minD) or 1/10 of a second exposure ([D]; 35S-MinD).
(E) Levels of MCD1 were compared by immunoblotting. 5 mg of total protein
extracted from young leaves of the wild-type, minD, and MinD overex-
presser (35S-MinD) were analyzed with MCD1 antibodies.
(F) MCD1 transcript levels were examined by RT-PCR. ACTIN2 was used as
the quantitative control.
(G) Protein-protein interaction between MCD1 and MinD in the yeast two-
hybrid assays. Yeast strain AH109 was transformed with paired constructs
of protein fused to the GAL4 DNA binding domain (BD-MCD1141-349 or
BD-MinD63-326) and the GAL4 activation domain (AD, AD-MCD1141-349 or
AD-MinD63-326). Transformants were spotted at dilutions of 1:1, 1:10,
1:100, and 1:1000 (left to right) onto SD/-Leu/-Trp (-LT) or SD/-Leu/-Trp/
-His (-LTH) plates.
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of Chloroplasts and Bacteria
Previous studies established that plant MinD and MinE regu-
late the positioning of FtsZ ring formation in chloroplasts in
a manner similar to the bacterial division system [3–5]. Here
we have shown that the plant-specific chloroplast inner-
envelope protein MCD1 recruits MinD to the chloroplast divi-
sion site and the punctate structures dispersed on the inner
envelope to regulate FtsZ ring positioning. The other plant-
specific division components (DRP5B, PDV1, and PDV2) func-
tion in/on the outer envelope membrane [6, 7, 9], so our results
indicate that a plant-specific division protein also functions
inside the chloroplast. In addition to a recent report of an in-
teraction between cyanobacteria-derived ARC6 protein and
plant-specific PDV2 protein in chloroplast division [32], our
results showed another example of interaction between cya-
nobacteria-derived and plant-specific chloroplast division
components.
The bacterial Min system has been studied extensively in
both the proteobacterium Escherichia coli and the Gram-
positive bacterium B. subtilis [21, 22]. In both organisms,
MinD by itself does not have the ability to prevent FtsZ ring
formation, but rather binds to MinC, which prevents FtsZ ring
formation. The localization of the MinCD complex determines
the site of FtsZ ring formation [31, 33–36]. However, the topo-
logical specificity of MinCD inhibition is regulated differently in
the two organisms. InE. coli, the MinE-dependent pole-to-pole
oscillation of MinCD prevents FtsZ ring formation other than at
the division site [37–39]. In contrast, in B. subtilis, which lacks
MinE, MinCD localizes to the division site at the onset of divi-
sion site constriction, and after the completion of cell division,
MinCD is stably anchored by DivIVA protein at the newly
formed cell poles [31, 35, 36, 40, 41]. A. thaliana genome
encodes MinD and MinE, but lacks MinC and DivIVA (but see
[5]; MinC-like proteins are encoded in genomes of mosses
and green algae). Overexpression of MCD1 did not inhibit
FtsZ ring formation, unlike the case with bacterial MinC [21,
22, 34], so MCD1 is unlikely to function in place of MinC.
Because MinD overexpression prevented FtsZ ring formation,
MinD or downstream of MinD (which is still unknown) have an
ability to destabilize FtsZ polymers. In this regard, ARC3 was
suggested to be a candidate to prevent FtsZ ring formation
in place of MinC [3–5, 19].
The MinD and MCD1 localization at the chloroplast division
site is similar to the MinCD and DivIVA localization in Gram-
positive bacteria, includingB. subtilis [31, 35, 36, 40, 41], rather
than E. coli. Although the function of MCD1 of binding MinD is
similar to DivIVA, there are no similarities between MCD1 and
DivIVA in terms of the amino acid sequences. Unlike B. subtilis
MinCD and DivIVA, no polar localizations of MCD1 and MinD
were observed in chloroplasts. Rather, MCD1 and MinD
localize at the punctate structures dispersed throughout the
envelope. Based on the inhibition of FtsZ ring formation by
MinD overexpression, the MCD1/MinD punctate structures
likely inhibit FtsZ ring formation other than at the division
site. The localization of MCD1/MinD at the division site might
prevent further FtsZ ring formation in close proximity to the
complete division apparatus, which is supposed to be insensi-
tive to the Min system, as suggested in working model of
B. subtilis [21, 22, 36]. However, the significance of MinD local-
ization at the division site is still not clear, even in bacterial
models.
In conclusion, our study revealed that land plants that have
incorporated MCD1 into the Min system descended froma cyanobacterial ancestor so as to regulate division site place-
ment. The localization pattern of MCD1/MinD is different from
bacterial MinCD, so further characterization of MinD and MinE
in chloroplasts and comparison of the results with bacterial
models will give insights into the roles of Min proteins at the
division site, which might also be applicable to a better
understanding of bacterial division.
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